Introduction {#S0001}
============

*Camellia nitidissima Chi* (CNC) is a well-known economical camellia with golden-yellow flowers and called as the "pandas in plant kingdom". In China, CNC might be first recorded in Ben Cao Gang Mu and also be recorded as medicinal plant in Guangxi Ethnomedicines Compendium. Importantly, CNC has been applied as a traditional folk medicine for the effective treatment of various diseases, such as hypertension, hyperlipidemia, infection, and cancer.[@CIT0001] However, most previous researches focused on the phytology, plant genetics and breeding of CNC.[@CIT0002] Only our published reports[@CIT0003]--[@CIT0008] and several other studies[@CIT0002],[@CIT0009] revealed that CNC contains a variety of physiologically active ingredients, such as tea polysaccharides, polyphenols, flavonoids, and tea saponins. Our group has been engaged in the research of *Camellia nitidissima Chi* for over 6 years. As our previous studies reported, chemical constituents from CNC could inhibit the formation of AGEs (Advanced Glycation Endproducts)[@CIT0007],[@CIT0008] and reduce pyocyanin production.[@CIT0006] Meanwhile, we preliminarily reported that CNC inhibited the proliferation of EGFR (Epidermal Growth Factor Receptor)-mutant lung cancer cells.[@CIT0003] Importantly, our previous data showed that n-butanol extract (JHC-4) from CNC significantly inhibited AOM/DSS (Azoxymethane/Dextran sulfate sodium) induced colorectal cancer, relieved the colonic pathology of inflammation and ameliorated the serum biochemistry, and noticeably reversed the disturbed metabolic profiling toward the normal state.[@CIT0004] Therefore, we want to evaluate the anti-proliferation effect of the JHC-4 and explore the mechanism.

The accumulation of cytoplasmic vacuoles coincidently was observed after treatment, we thus suspected that autophagy might be the mechanism as abundant previously reported.[@CIT0010],[@CIT0011] Autophagy is a lysosomal-dependent degradation pathway characterized by cytoplasmic vacuolization to maintain cell metabolism. Undoubtedly, it also plays a key role in cancer cell proliferation, chemosensitivity, immunoregulation, migration and so on. Consecutively, Cancer Cell, Nature Reviews Clinical Oncology, Autophagy, and other abundant journals have reported that diet control, gene interference, radiotherapy, immunotherapy and chemotherapy can induce cancer cell autophagy to exert the anti-cancer effect.[@CIT0012] Obviously, induction of autophagy has been a novel strategy for cancer treatment. In recent years, plenty small molecule compounds were discovered and will be potential anticancer drugs.[@CIT0013],[@CIT0014] Similarly, certain natural products such as vitamin D (VD), resveratrol, matrine, etc., also have been confirmed as autophagy inducer in cancer cells.[@CIT0015],[@CIT0016] Therefore, the International Journal of Molecular Sciences published a review:[@CIT0017] \'Natural Compounds from Herbs that can Potentially Execute as Autophagy Inducers for Cancer Therapy\', which indicates that the induction of autophagy may be the potential mechanism behind Chinese herbal medicine as cancer treatments.

In clinical practice, Chinese herbal medicine plays a vital role in cancer treatment, especially in enhancing efficacy and reducing toxicity when combined with chemical drugs.[@CIT0018],[@CIT0019] But most of the mechanism of the increasing sensitivity is still confused. Interestingly, previous studies have reported that autophagy could potentiate sensitivity to chemoradiotherapy.[@CIT0020],[@CIT0021] In fact, CNC has been applied as a traditional folk medicine for cancer treatment. Whether CNC potentiate the sensitivity of chemical drugs is still unconfirmed by scientific research. In addition, the PI3K/Akt/mTOR pathway is the most classical pathway involved in autophagy, apoptosis, and sensitivity of chemoradiotherapy.[@CIT0022] And the PI3K/Akt/mTOR has been frequently reported as a significant pathway involved in the anticancer effect of Chinese herbal medicine.[@CIT0023] Therefore, we plan to evaluate the anti-proliferation effect of CNC, screen the combination strategies and explore the mechanism.

In this study, we firstly evaluated the anti-cancer effects of JHC-4 on gastric cancer cells. The results suggested that JHC-4 could significantly induce autophagy and inhibit the proliferation. In further experiments, we found that JHC-4 could synergistically potentiate the sensitivity of gastric cancer cells to paclitaxel by the induction of apoptosis. Moreover, it is confirmed that the combination of JHC-4 and paclitaxel-induced apoptosis through autophagy. Finally, we found that the drug combination exhibited synergistic effects might be via the PI3K/Akt/mTOR pathway. In brief, this research provides a scientific basis for the anti-cancer effect of CNC which may be a potential therapeutic strategy for the treatment of gastric cancer in the future.

Materials and Methods {#S0002}
=====================

Reagents {#S0002-S2001}
--------

The *n*-butanol extract of CNC (JHC-4) was prepared as previously reported.[@CIT0006],[@CIT0007] The leaves were simmered in hot filtered water for 3 hrs. The clear solution was collected and evaporated using a rotary evaporator at 50°C to a volume of a half. The concentrated solution was extracted with water-saturated n-butanol, which was concentrated to dryness in a vacuum and further lyophilized to obtain a yellow-brown powder of *C. nitidissima Chi* extract (JHC-4).

Paclitaxel (TAX) was obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Chloroquine (CQ) and Bafilomycin Al (BafA1) were obtained from Sigma (Saint Louis, MO, USA). MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide, a tetrazole) was obtained from Nanjing Sunshine Biotechnology Ltd (Nanjing, China). Annexin V-PI Detection Kit was purchased from BD Biosciences (San Jose, CA, USA). Monodansylcadaverine (MDC) was purchased from Keygen Company (Nanjing, China). Antibodies against LC3, Atg-7, Atg-3, PARP, cleaved PARP, caspase 9, cleaved caspase 9, PI3K, p-PI3K, Akt, p-Akt, mTOR, p-mTOR and β-actin were obtained from Cell Signaling Technology (Beverly, MA, USA).

Cell Culture {#S0002-S2002}
------------

The human cancer cell lines BGC-823 and SGC-7901 were obtained from the BeNa Culture Collection. Furthermore, all cancer cells were authenticated by short tandem repeat (STR profiles are attached in supplemental materials) and tested for mycoplasma contamination. The human cell culture had gained the ethical approval in Zhuhai Hospital Affiliated with Jinan University. Both cell lines were cultured in RPMI-1640 medium (Gibco, Grand Island, NY, USA) with 10% fetal bovine serum (FBS, HyClone, Logan, UT, USA), 100 U/mL penicillin, and 100 U/mL streptomycin (Gibco, Grand Island, NY, USA). The cells were grown at 37°C in a humidified incubator (BB15, Thermo Fisher Scientific Inc., Langenselbold, Germany) with 5% CO~2~.

MTT Assay {#S0002-S2003}
---------

Cell viability was determined by MTT assay as reported.[@CIT0003] Cells were plated in 96-well plates at a density of 2000 cells per well. After 24 hrs incubation, the cells were treated with different concentrations of JHC-4 for 24, 48, or 72 hrs. Subsequently, 20 μL of MTT (0.5 mg/mL) was added into each well for another 4 h. The blue MTT formazan precipitate was then dissolved in 150 μL of DMSO, and the absorbance was measured at 570 nm by a Microplate reader (Tecan, Durham, NC, USA). Cell viability was shown as a percentage of control viability.

Western Blotting {#S0002-S2004}
----------------

After the cells were treated with JHC-4 or (and) TAX for the indicated time, cell lysates were prepared by RIPA buffer supplemented with complete protease and phosphatase inhibitor mixture (Roche Diagnostics, 4906845001). The concentrations of the protein sample were detected by Bio-Rad Bradford protein assay. Forty microgram of proteins were used to separate in SDS-PAGE system, and the proteins inside the gel were then transferred to Polyvinylidene fluoride (PVDF) membranes. After blocking with 5% non-fat milk in Tris-buffered saline containing 0.1% Tween 20 (TBST), the membranes were incubated with primary antibodies (diluted in 5% BSA in TBST) overnight at 4°C. Following incubation of secondary antibody for 1 hr at room temperature, the immune complexes were visualized by chemiluminescence reagents (Millipore) and then exposed by an image analyzer (Gel 2000, Bio-Rad Laboratories, Inc., Richmond, CA, USA).

Apoptosis Analysis {#S0002-S2005}
------------------

Apoptosis was determined by flow cytometry.[@CIT0003] BGC-823 cells were treated with JHC-4 or/and TAX in medium for 48 hrs. Cells were then harvested and washed with PBS twice. Subsequently, cells were double-stained with 5 μL of FITC-conjugated Annexin V and 5 μL of propidium iodide (PI) for 15 mins and detected by BD FACS Calibur flow cytometry (BD Biosciences). The data were analyzed by Cellquest software.

MDC Staining {#S0002-S2006}
------------

Monodansylcadaverine (MDC) was purchased from Keygen Company (Nanjing, China), it can be used to detect the formation of macro-phage bubble autophagic vacuoles and acidic organelles.[@CIT0024] Gastric cancer cells were treated with JHC-4 for 48 hrs, incubated with MDC (1 mM) for 30 mins. Then, the samples were analyzed by the laser scanning confocal microscope (excitation 380--420 nm, emission 450 nm).

Statistical Analysis {#S0002-S2007}
--------------------

The results were expressed as mean±S.D. from three independent experiments. The data were analyzed by Graph Pad Prism 6.0 and statistical analysis was performed by Student's *t*-test (two-tailed). The criterion for statistical significance was taken as P\<0.05.

The combination efficacy was expressed by Q value, which was modified from the Burgi formula, and calculated according to the following formula:[@CIT0025] $$\documentclass[12pt]{minimal}
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Among them, E~AB~ was the effect when the two drugs (eg. CNC and TAX in this study) are combined, and E~A~ and E~B~ were the effects when Drug A (eg. CNC) and Drug B (eg. TAX) treated alone. When Q ≥ 1.15, it means that the two drugs exert a synergistic effect; when 0.85 \<Q \<1.15, it means that the two drugs exert an additive effect; when Q ≤ 0.85, it means that the two drugs play an antagonistic role when combined.

Results {#S0003}
=======

JHC-4 Inhibited the Proliferation of Human Gastric Cancer BGC-823 and SGC-7901 Cells {#S0003-S2001}
------------------------------------------------------------------------------------

To evaluate the anti-cancer effect on different human gastric cancer cells, we evaluated the anti-cancer effect of JHC-4 on the proliferation of human gastric cancer BGC-823 and SGC-7901 cells by MTT assay. Both cells were treated with indicated concentrations of JHC-4 for 24, 48, and 72 hrs, respectively. As shown in [Figure 1A](#F0001){ref-type="fig"} and [B](#F0001){ref-type="fig"}, JHC-4 inhibited proliferation inhibition. After 72 hrs, the IC~50~ value of BGC-823 and SGC-7901 cells were 147.62±16.40 μg/mL and 157.68±18.16 μg/mL, respectively. Interestingly, we found that JHC-4 at 100 μg/mL for 48 hrs could significantly induce the accumulation of cytoplasmic vacuoles ([Figure 1C](#F0001){ref-type="fig"} and [D](#F0001){ref-type="fig"}), which were often observed in cells undergoing autophagy as abundant previous reports.[@CIT0010],[@CIT0011] These data indicated that JHC-4 exhibited cytotoxic effect on gastric cancer cells and possibly induced autophagy.Figure 1JHC-4 induced the formation of cytoplasmic vacuoles. (**A**) The anti-proliferation effect of JHC-4 on BGC-823 cells was detected by MTT. (**B**) The anti-proliferation effect of JHC-4 on SGC-7901 cells was detected by MTT. (**C**) The morphology of BGC-823 cells was observed under an inverted light microscope, after treatment with 100 μg/mL of JHC-4 for 48 hrs. (**D**) The morphology of SGC-7901 cells was observed under an inverted light microscope, after treatment with 100 μg/mL of JHC-4 for 48 hrs. The data shown are representative of three unique experiments.

JHC-4 Upregulated the Protein Level of Autophagic Markers in Human Gastric Cancer Cells {#S0003-S2002}
---------------------------------------------------------------------------------------

As reported,[@CIT0024] MDC staining is a classical method to detect autophagy. To confirm that JHC-4 induced autophagy in gastric cancer cells, the gastric cancer cells were incubated with MDC (1 mM) after JHC-4 treated. Then, the staining results indicated that the acidic vacuoles were enhanced after JHC-4 treatment ([Figure 2A](#F0002){ref-type="fig"}), suggesting that JHC-4 induced autophagy possibly. During autophagy, the microtubule-associated protein 1 light chain 3 (LC3) is the mammalian homologue of yeast ATG8. Then, LC3 is converted to lipidated LC3 II and is associated with the autophagic membrane. The accumulation of LC3 II is generally regarded as the marker for autophagy. Therefore, the expression of LC3 is now widely applied to monitor autophagy. To explore the effect of JHC-4 on autophagy, we detected the expression of LC3-II affected by JHC-4. The results showed that the protein levels of LC3-II were induced in a dose-dependent manner in BGC-823 and SGC-7901 cells after JHC-4 treatment ([Figure 2B](#F0002){ref-type="fig"}), and the elevation of LC3-II could be detected as early as 12 h after JHC-4 treatment ([Figure 2C](#F0002){ref-type="fig"}). These data suggested that autophagy might be involved in the proliferation inhibition induced by JHC-4 treatment.Figure 2JHC-4 upregulated the protein levels of LC3-II in gastric cancer cells. (**A**) Autophagic vacuoles of gastric cancer cells were checked by MDC staining, after treatment with 100 μg/mL of JHC-4 for 48 hrs. (**B**) The level of LC3 in gastric cancer cells was detected by Western blot, after treatment with different concentrations of JHC-4 for 48 hrs. (**C**) The level of LC3 gastric cancer cells was detected by Western blot, after treatment with 50 μg/mL of JHC-4 for different time. The data are expressed as the mean±S.D. of three independent experiments. \*Indicates a significant difference from control by Student's *t*-test analysis. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001.

JHC-4 Induced Autophagic Flux in Human Gastric Cancer Cells {#S0003-S2003}
-----------------------------------------------------------

To distinguish the upregulation of LC3-II was due to the accumulation of autophagosomes or the block of the fusion between autophagosomes and lysosomes.[@CIT0026] We pretreated gastric cancer cells with autophagy inhibitors (CQ and BafA1) to evaluate the function of autophagy. As shown in [Figure 3A](#F0003){ref-type="fig"}--[D](#F0003){ref-type="fig"}, after pretreatment with CQ (A-B) or BafA1 (C-D) in gastric cancer cells for 2 h, JHC-4 (50μg/mL) further increased the protein levels of LC3-II, compared with CQ or BafA1 treated alone. The results were consistent in BGC-823 and SGC-7901 cells. Obviously, these data clearly showed that JHC-4 induced the degradation of the autophagic contents and triggered the autophagic flux in human gastric cancer cells.Figure 3JHC-4 increased LC3-II after pretreatment with autophagic inhibitors. (**A**) The level of LC3 was detected by Western blot, after BGC-823 cells pretreated with 5 μM of CQ and treated with 50 μg/mL of JHC-4 for another 48 hrs. (**B**) The level of LC3 was detected by Western blot, after SGC-7901 cells pretreated with 5 μM of CQ and treated with 50 μg/mL of JHC-4 for another 48 hrs. (**C**) The level of LC3 was detected by Western blot, after BGC-823 cells pretreated with 100 nM of BafA1 and treated with 50 μg/mL of JHC-4 for another 48 hrs. (**D**) The level of LC3 was detected by Western blot, after SGC-7901 cells pretreated with 100 nM of BafA1 and treated with 50 μg/mL of JHC-4 for another 48 hrs. The data are expressed as the mean ± S.D. of three independent experiments. \*Indicates a significant difference from control by Student's *t*-test analysis, \*\*\*P\<0.001.

JHC-4 Induced the Formation of Autophagosomes {#S0003-S2004}
---------------------------------------------

Morphologically, autophagy is characterized by the formation of double-membrane vesicles called autophagosomes, which are essential for the isolation and degradation of cytoplasmic components.[@CIT0027] To confirm whether the autophagy induced by JHC-4 is caused by the accumulation of autophagosomes, we explored biomarkers of autophagosomes such as the ATG family, according to widely recognized evidences.[@CIT0028] Therefore, the essential proteins involved in the generation of autophagosomes were detected by Western blotting assays. As shown in [Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}, consistently, JHC-4 treatment dramatically increased the protein levels of Atg-7 and Atg-3 in a time-dependent manner. At the same time, the up-regulation of these proteins was observed as early as 12 hrs after 50 μg/mL JHC-4 treatment ([Figure 4C](#F0004){ref-type="fig"} and [D](#F0004){ref-type="fig"}). In addition, the experiments on SGC-7901 cells also showed consistent results. Consequently, these findings suggested that JHC-4 induced autophagy via the formation of autophagosomes.Figure 4JHC-4 induced the accumulation of autophagosomes. (**A**) The expression of Atg-7 and Atg-3 in BGC-823 cells was determined by Western blot, after treatment with different concentrations of JHC-4 for 48 hrs. (**B**) The expression of Atg-7 and Atg-3 in SGC-7901 cells was determined by Western blot, after treatment with different concentrations of JHC-4 for 48 h. (**C**) The expression of Atg-7 and Atg-3 in BGC-823 cells was determined by Western blot, after treatment with 50 μg/mL of JHC-4 for different time. (**D**) The expression of Atg-7 and Atg-3 in SGC-7901 cells was determined by Western blot, after treatment with 50 μg/mL of JHC-4 for different time. The data are expressed as the mean ± S.D. of three independent experiments. \*Indicates a significant difference from control by Student's *t*-test analysis. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001.

JHC-4 Potentiated the Sensitivity of Gastric Cancer Cells to Paclitaxel via Induction of Apoptosis {#S0003-S2005}
--------------------------------------------------------------------------------------------------

In clinical practice, most medicines are not used alone but are combined with other drugs. Especially, Chinese herbal medicine is often applied to enhance the pharmaceutical effect, reduce the toxicity and promote the life quality, when combined with other chemotherapeutic drugs.[@CIT0029] To discover the chemotherapeutic drugs that could exhibit synergistic effects with JHC-4, common chemotherapy drugs were used to screen the combination effects with JHC-4 in gastric cancer cells. The screening results of JHC-4 combined with six common drugs (shown in [Tables 1](#T0001){ref-type="table"}--[6](#T0006){ref-type="table"}) suggested that paclitaxel (TAX) exhibited a significant synergistic effect, navelbine (NVB) showed a slight synergistic effect, while cisplatin (DDP), topotecan (TPT), adriamycin (ADR) and 5-fluorouracil (5-FU) had only additive effect.Table 1Q-Value Assess the Combined Effect of JHC-4 and DDP on GC CellsGC CellsDrugsInhibition Rate (%)Q ValueBGC-823JHC-4100 μg/mL37.83DDP 1 μM1.09DDP 5 μM13.56DDP 10 μM35.90100+133.540.88100+540.860.87100+1052.210.88SGC-7901JHC-4100 μg/mL36.57DDP 1 μM1.85DDP 5 μM5.92DDP 10 μM31.04100+127.150.72100+532.440.89100+1047.420.84[^2] Table 2Q-Value Assess the Combined Effect of JHC-4 and TPT on GC CellsGC CellsDrugsInhibition Rate (%)Q ValueBGC-823JHC-4100 μg/mL40.32TPT 0.01 μM2.04TPT 0.1 μM14.91TPT 1 μM42.16100+0.0138.190.92100+0.141.400.84100+174.201.13SGC-7901JHC-4100 μg/mL34.19TPT 0.01 μM6.43TPT 0.1 μM16.10TPT 1 μM26.27100+0.0130.710.80100+0.140.120.90100+151.040.99[^3] Table 3Q-Value Assess the Combined Effect of JHC-4 and NVB on GC CellsGC CellsDrugsInhibition Rate (%)Q ValueBGC-823JHC-4100 μg/mL39.45NVB 0.01 μM30.98NVB 0.1 μM76.57NVB 1 μM78.64100+0.0166.911.15100+0.183.240.97100+182.190.94SGC-7901JHC-4100 μg/mL37.28NVB 0.01 μM38.71NVB 0.1 μM53.73NVB 1 μM72.86100+0.0161.871.12100+0.169.000.87100+186.221.04[^4] Table 4Q-Value Assess the Combined Effect of JHC-4 and TAX on GC CellsGC CellsDrugsInhibition Rate (%)Q ValueBGC-823JHC-4100 μg/mL28.42TAX 0.001 μM11.08TAX 0.01 μM55.25TAX 0.1 μM70.19100+0.00158.891.65100+0.0184.841.27100+0.187.101.16SGC-7901JHC-4100 μg/mL30.32TAX 0.001 μM6.22TAX 0.01 μM50.04TAX 0.1 μM68.92100+0.00158.881.70100+0.0182.321.26100+0.185.171.15[^5] Table 5Q-Value Assess the Combined Effect of JHC-4 and ADR on GC CellsGC CellsDrugsInhibition Rate (%)Q ValueBGC-823JHC-4100 μg/mL36.98ADR 0.01 μM7.58ADR 0.1 μM35.02ADR 1 μM84.64100+0.0138.440.92100+0.151.710.88100+185.750.95SGC-7901JHC-4100 μg/mL36.12ADR 0.01 μM3.94ADR 0.1 μM34.73ADR 1 μM84.77100+0.0135.290.91100+0.149.210.86100+186.220.93[^6] Table 6Q-Value Assess the Combined Effect of JHC-4 and 5-FU on GC CellsGC CellsDrugsInhibition Rate (%)Q ValueBGC-823JHC-4100 μg/mL35.535-FU 1 μM22.385-FU 5 μM33.785-FU 10 μM38.19100+147.340.95100+549.640.87100+1053.680.89SGC-7901JHC-4100 μg/mL37.655-FU 1 μM10.665-FU 5 μM26.855-FU 10 μM33.49100+135.230.83100+545.240.87100+1056.890.97[^7]

Therefore, further experiments were applied to evaluate the anti-proliferation effect of the combination of JHC-4 with TAX. As is shown in [Figure 5A](#F0005){ref-type="fig"}, after drug combination with JHC-4, the IC~50~ value of TAX was decreased approximately 10 times suggesting that JHC-4 could significantly enhance the anticancer effect of TAX. Usually, apoptosis is the key anticancer effect after treatment. To determine whether apoptosis was induced by the combination treatment, we performed flow cytometry analysis by Annexin V and PI staining. As shown in [Figure 5B](#F0005){ref-type="fig"}, the apoptotic fraction was significantly increased by the treatment of JHC-4 combined with TAX, compared with treatment of JHC-4 or TAX alone. In consideration of PARP and the caspase family as markers of apoptosis, we detected the protein levels of apoptosis-related proteins to further investigate the pro-apoptotic effect of JHC-4 combined with TAX. As shown in [Figure 5C](#F0005){ref-type="fig"}--[G](#F0005){ref-type="fig"}, the results indicated that the combination could decrease the expression of caspase-9 and increase the levels of cleaved caspase-3 and cleaved PARP compared with JHC-4 or TAX alone. In brief, the above results indicated that JHC-4 significantly increased the drug sensitivity of paclitaxel by the induction of apoptosis.Figure 5JHC-4 combined with TAX-induced apoptosis. (**A**) The synergistic anti-proliferation effect was detected by MTT, after treatment with 100 μg/mL of JHC-4 and indicated concentrations of TAX for 48 hrs. (**B**) The synergistic apoptosis effect was determined by flow cytometry analysis, after treatment with 100 μg/mL of JHC-4 and indicated concentrations of TAX for 48 hrs. (**C**) The expression of apoptosis-related proteins (PARP, cleaved PARP, caspase-9, and cleaved caspase-9) was checked by Western blot, after different treatments for 48 hrs. (**D**) The statistical result of PARP after different treatments. (**E**) The statistical result of cleaved PARP after different treatments. (**F**) The statistical result of caspase-9 after different treatments. (**G**) The statistical result of cleaved caspase-9 after different treatments. The data are expressed as the mean ± S.D. of three independent experiments. \*Indicates a significant difference from control by Student's *t*-test analysis. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001.

JHC-4 Combined with Paclitaxel-Induced Apoptosis Through Autophagy in Gastric Cancer Cells {#S0003-S2006}
------------------------------------------------------------------------------------------

Based on the above data shown, then we investigated the relationship between JHC-4-induced autophagy and JHC-4 combined with paclitaxel-induced apoptosis. Firstly, we examined the autophagy effects on gastric cancer cells after combination treatment. The results ([Figure 6A](#F0006){ref-type="fig"} and [B](#F0001){ref-type="fig"}) showed that drug combination significantly further increased the protein levels of LC3-II compared with JHC-4 or TAX alone. Obviously, JHC-4 combined with paclitaxel-enhanced autophagy in gastric cancer cells. To investigate the relationship between autophagy and the synergistic effect, gastric cancer cells were pretreated with an autophagy inhibitor (BafA1) for 2 hrs to suppress autolysosome formation. After treatment with JHC-4 and TAX for 48 hrs, the combined efficacy was measured by MTT assay. The results showed that the synergistic effect was reversed after BafA1 pretreatment, which indicated that autophagy was involved in the combined efficacy ([Figure 6C](#F0006){ref-type="fig"}). Consistently, the data also showed that the apoptosis induced by the combination was reversed after the addition of BafA1 compared with the no inhibitor group ([Figure 6D](#F0006){ref-type="fig"}). Meanwhile, the expression of the apoptotic protein decreased with the addition of the inhibitor ([Figure 6E](#F0006){ref-type="fig"} and [F](#F0006){ref-type="fig"}). In conclusion, all of these results indicated that the drug combination induced apoptosis was via autophagy.Figure 6JHC-4 induced apoptosis through autophagy when combined with paclitaxel. (**A**) The expression of LC3 was checked by Western blot, after different treatments for 48 hrs. (**B**) The statistical result of LC3 after different treatments. (**C**) The synergistic anti-proliferation effect was detected by MTT, after BGC-823 cells pretreated with 100 nM of BafA1 and treated with 100 μg/mL of JHC-4 and indicated concentrations of TAX for another 48 hrs. (**D**) The apoptosis effect was determined by flow cytometry analysis, after different treatments for 48 hrs. (**E**) The expression of apoptosis-related proteins (PARP, cleaved PARP, caspase-9, and cleaved caspase-9) was checked by Western blot, after different treatments for 48 hrs. (**F**) The statistical result of apoptosis-related proteins (PARP, cleaved PARP, caspase-9, and cleaved caspase-9) after different treatments. The data are expressed as the mean ± S.D. of three independent experiments. \*Indicates a significant difference from control by Student's *t*-test analysis. \*\*P\<0.01, \*\*\*P\<0.001.

JHC-4 Combined with TAX Induced Autophagy via PI3K/Akt/mTOR Signaling Pathway {#S0003-S2007}
-----------------------------------------------------------------------------

In tumor cells, autophagy is regulated by a variety of signaling pathways, PI3K/Akt/mTOR pathway is the most classic one as previously reported.[@CIT0022] mTOR is a key regulator of autophagy initiation and controls the process of autophagy.[@CIT0030] To determine the effects of combination therapy on the PI3K/Akt/mTOR signaling pathways, we detected the related proteins by Western blots. The results showed that JHC-4 treatment with TAX significantly decreased the protein levels of p-PI3K, p-Akt, and p-mTOR compared with JHC-4 or TAX treatment alone ([Figure 7A](#F0007){ref-type="fig"}), which indicated that the PI3K/Akt/mTOR signaling pathway was extremely inhibited after the combination therapy. Taken together, JHC-4 enhanced the sensibility of TAX by induction of autophagy and apoptosis might via PI3K/AKT/mTOR pathway.Figure 7The PI3K/Akt/mTOR signaling pathway was inhibited by treatment with JHC-4 and TAX. (**A**) The expression of PI3K/Akt/mTOR related proteins was checked by Western blot, after different treatments for 48 hrs. (**B**) The statistical result of PI3K/Akt/mTOR related proteins after different treatments. The data are expressed as the mean ± S.D. of three independent experiments. \*Indicates a significant difference from control by Student's *t*-test analysis. \*\*P\<0.01, \*\*\*P\<0.001.

Discussion {#S0004}
==========

Recently, an increasing number of studies have demonstrated that autophagy plays an important role in numerous aspects of human health, especially the development of cancer and chemoresistance.[@CIT0031] Many researches have shown that natural products can induce autophagy to exert an anti-cancer effect.[@CIT0017] At present, the anti-cancer effect of CNC was poorly revealed, and whether the effect of CNC on cancer is through autophagy was still unknown. Therefore, we reported that the CNC extract (JHC-4) induced autophagic flux and enhanced the efficacy of paclitaxel by apoptosis in gastric cancer cells. Meanwhile, we discovered that the enhanced apoptosis was induced by autophagy. We further confirmed that the PI3K/Akt/mTOR signaling pathway might be involved in the anti-cancer effects of JHC-4 combined with TAX. Since autophagy is an important target for chemo-sensitivity, our discovery may provide a new strategy for reducing the clinical dosage and overcoming the drug resistance of paclitaxel.

Autophagy is regulated by plentiful proteins and pathways. Light chain-3 (LC3-II) is the most representative one, as previously reported.[@CIT0032] The results ([Figure 2](#F0002){ref-type="fig"}) showed that LC3-II expression was upregulated in gastric cancer cells after JHC-4 treatment. But the increased expression of LC3-II does not absolutely represent an increase in autophagy. The enhancement of autophagic function is not only relatives to the increase of autophagosomes but also depends on the speed of its degradation. In further experiment, we analyzed the function of autophagy. Bafilomycin (BafA1) is a vacuolar enzyme (proton pump) inhibitor that blocks the fusion of autophagosomes and lysosomes thereby inhibits autophagosome degradation. Meanwhile, chloroquine (CQ) can also inhibit autophagosome degradation. Because both CQ and BafA1 blocked the process of autophagosome degradation, lysosomes accumulate intracellularly. If the drug-induced autophagy, the expression of LC3-II would be further increased.[@CIT0033] Therefore, after CQ or BafA1 pretreatment, JHC-4 further dramatically enhanced the expression of LC3-II compared with CQ or BafA1 alone ([Figure 3](#F0003){ref-type="fig"}). In brief, these data indicated that JHC-4 induced autophagy in gastric cancer cells.

In clinical practice, natural medicines are often applied in combination with classical chemotherapy drugs to exert better therapeutic effects.[@CIT0019] After screening combination treatment of JHC-4 with six common chemotherapy drugs, we found that the combination of JHC-4 with TAX exhibited the most remarkable synergistic effects based on different combination strategies (data are shown in [Tables 1](#T0001){ref-type="table"}--[6](#T0006){ref-type="table"}). Paclitaxel is a common drug for the treatment of gastric cancer. Interestingly, recent studies have shown that paclitaxel also induces autophagy while inducing apoptosis.[@CIT0034] SUN's studies have reported that paclitaxel-induced autophagy can copromote cell death with apoptosis.[@CIT0035] Therefore, the autophagy, respectively, induced by JHC-4 or TAX resulted in apoptosis and death after combination treatment in gastric cancer cells.

According to the characteristics that the excessive cell autophagy can lead to autophagic cell death, the induction of autophagy promoted cell apoptosis and death. Both autophagy and apoptosis are important regulatory mechanisms of cell activities, involved in many physiological and pathological processes. So far, a number of studies have shown that the induction of autophagy synergistically enhanced the chemotherapeutic effect of many cytotoxic drugs on cancer cells.[@CIT0036],[@CIT0037] It has been reported that the relationship between autophagy and apoptosis can be divided into three types: autophagy and apoptosis do not interfere with each other, autophagy induced apoptosis, autophagy inhibited apoptosis.[@CIT0038] In this study, it was found that JHC-4 significantly increased the cytotoxicity of paclitaxel. JHC-4 combined with paclitaxel dramatically induced upregulated of apoptosis-related proteins and apoptosis ([Figure 5](#F0005){ref-type="fig"}). Meanwhile, after pretreatment with autophagy inhibitors, the apoptosis induced by combination treatment was somewhat reversed ([Figure 6](#F0006){ref-type="fig"}). Therefore, JHC-4 as potential autophagy agonist showed synergistic effect when combined with TAX on gastric cancer cells.

Autophagy and apoptosis are important cellular processes and are regulated by complex signaling networks of different stimulatory factors. PI3K/Akt, a regulator of rapamycin (mTOR), mediated a variety of physiological functions such as cell proliferation, differentiation, migration, apoptosis, and autophagy.[@CIT0039] Therefore, as a key regulator of autophagy, the PI3K/AKT/mTOR signaling pathway is widely activated in a variety of cells and is an important apoptotic signaling pathway. Hence, we found that combination therapy could inhibit the PI3K/AKT/mTOR pathway activity ([Figure 7](#F0007){ref-type="fig"}). In brief, these data indicated that JHC-4 potentiated the sensitivity of gastric cancer cells to paclitaxel by the inhibition of the PI3K/AKT/mTOR pathway.

In summary, the anti-proliferation and synergistic effects of CNC have been fully confirmed by a series of experiments. Our research showed that JHC-4 could synergistically potentiate the sensitivity of paclitaxel by inducing autophagy to trigger apoptosis via PI3K/Akt/mTOR signaling in gastric cancer cells. These data provide scientific evidence for CNC as a Chinese traditional medicine for cancer treatment and indicate that CNC might be a potential therapeutic strategy for cancer in the future.
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[^2]: **Notes:** The anti-proliferation effect of JHC-4 (100 μg/mL), DDP (1 μM, 5 μM, and 10 μM) or combination treatment (JHC-4 (100 μg/mL) with different concentrations of DDP) was evaluated by MTT. All the treatment is for 72 hrs. The combination efficacy was expressed by Q value, which was modified from Burgi formula.

[^3]: **Notes:** The anti-proliferation effect of JHC-4 (100 μg/mL), TPT (0.01 μM, 0.1 μM, and 1 μM) or combination treatment (JHC-4 (100 μg/mL) with different concentrations of TPT) was evaluated by MTT. All the treatment is for 72 hrs. The combination efficacy was expressed by Q value, which was modified from Burgi formula.

[^4]: **Notes:** The anti-proliferation effect of JHC-4 (100 μg/mL), NVB (0.01 μM, 0.1 μM, and 1 μM) or combination treatment (JHC-4 (100 μg/mL) with different concentrations of NVB) was evaluated by MTT. All the treatment is for 72 hrs. The combination efficacy was expressed by Q value, which was modified from Burgi formula.

[^5]: **Notes:** The anti-proliferation effect of JHC-4 (100 μg/mL), TAX (0.001 μM, 0.01 μM, and 0.1 μM) or combination treatment (JHC-4 (100 μg/mL) with different concentrations of TAX) was evaluated by MTT. All the treatment is for 72 hrs. The combination efficacy was expressed by Q value, which was modified from Burgi formula.

[^6]: **Notes:** The anti-proliferation effect of JHC-4 (100 μg/mL), ADR (0.01 μM, 0.1 μM and 1 μM) or combination treatment (JHC-4 (100 μg/mL) with different concentrations of ADR) was evaluated by MTT. All the treatment is for 72 hrs. The combination efficacy was expressed by Q value, which was modified from Burgi formula.

[^7]: **Notes:** The anti-proliferation effect of JHC-4 (100 μg/mL), 5-FU (1 μM, 5 μM, and 10 μM) or combination treatment (JHC-4 (100 μg/mL) with different concentrations of 5-FU) was evaluated by MTT. All the treatment is for 72 hrs. The combination efficacy was expressed by Q value, which was modified from Burgi formula.
